A procedure and correlations are presented for predicting Charpy-lmpact energy, tensile flow stress, fracture toughness J-R curve, and JIc of aged cast stainless steels from known material information.
The *saturation" impact strength and fracture toughness of a specific cast stainless steel, i.e., the minimum value that would be achieved for the material after long-term service, is estimated from the chemical composition of the steel. Mechanical properties as a function of time and temperature of reactor service are estimated from impact energy and flow stress of the unaged material and the kinetics of embrittlement, which are also determined from chemical composition.
The JIc values are determined from the estimated J-R curve and flow stress. Examples of estimating mechanical properties of cast stainless steel components during reactor service are presented.
A common "predicted lower-bound" J-R curve for cast stainless steels of unknown chemical composition is also defined for a given grade of steel, ferrite content, and temperature.
Introduction
Investigations at Argonne National Laboratory (ANL) [1] [2] [3] [4] and elsewhere [5] [6] [7] [8] [9] [10] [11] [12] i.e., the minimum impact energy that can be achieved for the material after long-term aging, is given in terms of chemical composition.
The results indicate that Charpy-impact energy" can be <85 J/cm 2 (<50 ft.lb} for cast stainless steels with ferrlte contents as low as 10%.
Extent of thermal embrittlement as a function of time and temperature of reactor service is estimated from the extent of embrittlement at saturation and from the correlations describing the kinetics of embrittlement, which are also given in terms of the chemical composition of the steel. The fracture toughness J-R curve for the material is then obtained from the correlation between fracture toughness parameters and the RT Charpy-impact energy used to characterize the extent of thermal embrittlement. A common lower-bound J-R curve for cast stainless steels of unknown chemical composition is also defined for a given material grade and temperature.
In addition, correlations are presented for estimating the increase in tensile flow stress from data on the kinetics of thermal embrittlement;
initial tensile flow stress of the unaged material is needed to determine the flow stress of the aged material.
Fracture toughness parameters, e.g., JIc and tearing modulus, are determined from the estimated J-R curve and tensile flow stress. Examples of estimating mechanical properties of cast stainless steel components during reactor service are included.
Mechanism of Thermal Embrittlement
Thermal embrittlement of cast duplex stainless steels results in brittle fracture associated with either cleavage of the ferrite or separation of the ferrite/austenite phase boundary.
The degree of thermal embrittlement Is controlled by the amount of brittle fracture.
Cast stainless steels with poor impact strength exhibit >80% brittle fracture. In some cast steels, a fraction of the material may fall in brittle fashion but the surrounding austenite provides ductility and toughness. Such steels have adequate impact strength even after long-term aging. A predominantly brittle failure occurs when either the ferrite phase is continuous, e.g., in cast material with a large ferrite content, or the ferrite/austenlte phase boundary provides an easy path for crack propagation, e.g., in high-C grades of cast steels that contain phase-boundary carbides. Consequently, the amount, size, and distribution of ferrite in the duplex structure and phase-boundary carbides are important parameters that control the extent of thermal embrittlement. The extent of thermal embrittlement increases with increased ferrite content. The Iow-C CF-3 steels are the most resistant, and the Mo--bearing, high-C CF-8M steels are the least resistant to thermal embrittlement. Fig. 1 . The results indicate that all materials reach a saturation impact energy, i.e., minimum value that would be achieved by the material after long-term aging. Saturation impact energy, in general, decreases with an increase in ferrite content or the concentration of C and N in the steel. As discussed above, both of these factors promote brittle fracture.
Figure 1 also indicates that the time for aging at 400°C (752°F) for a given decrease in impact energy varies more than 2 orders of magnitude for the various heats. Production heat treatment, and possibly the casting process, influence aging behavior at 400°C and, therefore, the kinetics of thermal embrittlement.
The log of the aging time at 400°C for a 50% reduction in Charpy-impact energy has been shown to be a useful parameter for characterizing the kinetics of thermal embrittlement [13] . Activation energy for thermal embrittlement is high for steels that show fast embrittlement at 400°C, and low for those that show slow embrittlement at 400°C. Also, cast materials with high activation energy of embrittlement do not contain G phase and those with low activation energy contain G phase.
It is likely that material parameters, e.g., production heat treatment, that influence the kinetics of thermal embrittlement also affect G-phase precipitation; the physl, cal presence of G phase has little or no effect on either the extent or kinetics of embrittlement. 
Extent of Embrittlement
where chemical composition is in wt.%. The concentration of N is often not available in the CMTR; ff not known, it is assumed to be 0.04 wt.%. The ferrite content 8c is given by _c = 100.3{Creq/Nieq) 2 -170.72{Creq/Nieq)+ 74.22.
Different correlations are used to estimate the saturation impact energy of the various grades of cast stainless steel. For CF-3 and CF-8 steels, the material parameter • is express_fl as
and the saturation value of RT impact energy CVsat is given by logloCvsat = 1.15 + 1.36exp(--0.035_).
For the Mo--bearing CF-8M steels, the material parameter • is expressed as
The saturation value of RT impact energy CVsat for steels with < 10% Ni is given by log10CVsat = 1.10 + 2.12exp(--O.041¢),
and for steels with >10% Ni by logloCvsat = 1.10 + 2.64exp(-O.064q_). 
and for CF-SM steels by logloCvsat = 7.28 -0.011_c -0.185Cr -0.369Mo -0.451Si -0.007Ni -4.71(C + 0.4N).
The saturation impact energy for a specific cast stainless steel should be determined using both the methods given in Eqs. 4--10, and the lower value is then used for estimating mechanical properties. The difference between observed and predicted values for the CF-8M steel is larger than that for the CF-3 or CF-8 steels. The correlations expressed in Eqs. 4--10 do not include Nb, and may not be conservative for Nb--bearing steels.
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Kinetics of Embrittlement
Room-temperature impact energy as a function of time and temperature of aging is estimated from the RT saturation impact energy Cvsat (J/c m2} and the kinetics of embrittlement.
The decrease in RT Charpy-impact energy Cv (J/cm 2) with time is expressed as
where _ is half the maximum change in logCv, e is the log of the time at 400°C (752°F) to achieve 50% reduction in impact energy, and a is a shape factor. The aging parameter P is the log of the aging time for a specific degree of embrittlement and is defined by
where Q is the activation energy (kJ/mole) and t and "Is are the time (h) and temperature (°C) of aging. 
where the indicators II = 0 and 12 --i for CF-3 or CF-8 steels and assume the values of 1 and 0, respectively, for CF-8M steels. The ANL data, included in the analysis for obtaining Eq. 15, were based on heats that were aged up to 30,000 h at 290-400°C
(554--752°F). Also, the data at 290°C were excluded from the analysls for some of the heats.
Equation 15 has been optimized using recent ANL data on materials that were aged up to 58,000 h at 290--400°C.
The activation energies and values of the constants in Eq. 11 are given in Table 1 . The best fit of the data from ANL, FRA, GF, EdF, and CEGB studies 
where the indicators have the same meaning as In Eq. 15. The contribution of Mo and Mn to the kinetics of CF-3 and CF-8 steel is very small; therefore, it is excluded from Eq. 16. For CF-3 and CF-8 steels, the effect of C is Included in the new expression.
The estimated
and observed values of Q for the ANL, FRA, CEGB, and GF heats are plotted In Fig. 3 
Estimation of Impact Energy
The RT Charpy impact energy of a specific cast stainless steel can be estimated from the correlations in Sections 3 and 4. Impact energy at saturation CVsat is determined from the chemical composition of the cast material. Estimation of the decrease in impact energy as a function of time and temperature of service requires additional information, namely, the initial impact energy of the unaged material and the aging behavior at 400°C (752°F), i.e., the value of the constant 0. However, parametric studies indicate that at 280-330°C (536-626°F) the aging response is relatively insensitive to the value of 0. Varying 0 between 2.1 and 3.6 results in almost identical aging behavior at 300°C (572°F) and differences in aging behavior at 280-330°C are minimal.
A median value of 2.9 for 0 can be used in Eqs. 7 and 9 to estimate impact energy of cast stainless steel components in service at 280--330°C.
The RT Charpy-impact energy observed experimentally and that estimated from the chemical composition and initial impact energy of some of the ANL, FRA, and GF heats aged at temperatures between 290-350°C (554-662°F), are shown in Figs. 4 and 5. Estimated values for each heat were calculated as follows. The impact energy at saturation was determined from Eqs. 1-10. The activation energy for embrittlement was obtained from Eq. 16; a 0 value of 2.9 was used for all the heats.
Then the change in impact energy with time and temperature of service was estimated from Eqs. 11-14. The estimated change in impact energy at temperatures <330°C (626°F) is either accurate or slightly conservative for most of the heats.
As discussed above, a value of 0 can be used to estimate thermal embrittlement at service temperatures of 280-330°C (536-626°F).
With an assumed value of 2.9 for 0, estimations of impact energies before saturation will be non-conservative at service temperatures >330°C for heats with 0 < 2.9 and at temperatures <280°C for heats with 0 > 2.9. A value of 2.5 should be used for estimations at temperatures between 330 and 360°C (626 and 680°F) and a value of 3.3 should be used for estimations at temperatures <280°C (<536°F). Even at 350°C, the estimated impact energies (Figs. 4 and 5) show good agreement with the experimental results because the 0 values for the heats shown in the figures are either greater or only slightly lower than 2.9.
Tensile Properties
Thermal aging leads to an increase in yield and ultimate stress and a slight decrease in ductility.
For all heats, the increase in ultimate stress is substantially greater than the increase in yield stress. Some heats show no change in yield stress. Furthermore, specimens aged for short times at high temperatures, e.g., _3,000 h at 400 or 450°C (752 or 842°F), often show a decrease in yield and ultimate stresses.
The tensile data generally agree with the Charpy-impact data, i.e., for a specific heat, the increase in tensile stress corresponds to a decrease in impact energy. The ratio of the tensile flow stress of aged and unaged cast stainless steels at RT and 290°C (554°F) is plotted as a function of a normalized aging parameter in Figs. 6 and 7, respectively. Flow l stress is characterized as the mean of the 0.2% yield and ultimate stresses, and the aging parameter is normalized with respect to a e value of 2.9. At both temperatures, the increase in flow stress of CF-3 steels is the lowest and that of CF-8M steels the largest.
The flow stress ratio R = [Gfaged/C3funaged) is given by R = al + bI(P-0 + 2.9).
Equation 17 is valid for ferrite contents >7% and R values between i and a constant ci. Values of the constants a I, bl, and c I for different grades of steel and test temperatures are given in Table 2 .
Experimental
and estimated tensile flow stress at 290°C (554°F) and at I_T for various heats of aged cast stainless steel are shown in Fig. 8 . For each heat, the aging parameter was obtained from Eqs. 12 and 16; because most of the data are for aging temperatures >350°C, the actual experimental value of (] was used for all the heats. Tensile flow stress was then estimated from Eq. 17 and the initlal flow stress of the materials.
The estimated values are within 15% of the observed value for most material and aging conditions.
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Fracture Toughness
Estimationof J-R Curves
Thermal aging decreases the fracture toughness of cast stainless steels at RT as well as at reactor temperatures, i.e., 280--320°C (536--608°F). The fracture toughness results are consistent with the Charpy-impact data, i.e., unaged and aged materials that show low impact strength also exhibit lower fracture toughness. The fracture toughness J-R curve for a specific cast stainless steel can be estimated from its RT impact energy.
The J-R curve is expressed by the power-law relation Jd = CAa n, where Jd is deformation J (kJ/m 2) per ASTM Specifications E 813-85 and E 1152-87, _a is crack extension (mm), and C and n, respectively, are the coefficient and exponent of the powerlaw J-R curve.
The coefficient C at room and reactor temperatures and the RT Charpyimpact energy for aged and unaged cast stainless steels are plotted in Fig. 9 were obtained for CF-3 or CF-8 steels and for CF-8M steels; the latter showed a larger decrease in fracture toughness for a given impact energy. The correlations used to estimate J-R curves for static-cast materials were obtained by subtracting the value of a (standard deviation for the fit to the data) from the best-fit curve. They are shown as dash lines in Fig. 9 , and help ensure that the estimated J-R curve is conservative for all material and aging conditions. Best-fit correlations were used for centrifugally cast materials. The saturation fracture toughness J-R curve at RT for static-cast CF-3 and CF-8 steels is given
and for static--cast CF-8M steels by At RT, the exponent n for static-or centrifugally cast steels is given by
where the values of the constants a2 and b2 for different grades of steel and test temperature are given in Table 3 . J-R curve at any intermediate temperature can be linearly interpolated from the estimated values of C and n at RT and at 290°C (554°F).
The fracture toughness J-R curve at saturation for a specific cast stainless steel can be obtained from its chemical composition by using the correlations for CVsat given in Eqs. 1-10 and then using the estimated Cvsat in Eqs. 18-22 to obtain the J-R curve. Comparisons of the experimental and estimated J-R curves at saturation, i.e., the minimum fracture toughness that would be achieved for the material by thermal aging, are shown in Figs. 10 -12. For most heats, the saturation fracture toughness is achieved after aging for >5,000 h at 400°C (752°F).
The experimental and estimated J-R curves for the unaged materials are also shown for comparison; the J-R curves were estimated from Eqs. 18-22 by using the measured initial RT impact energy Cvint. The estimated J-R curves show good agreement with the experimental results in most cases and are essentially conservative. The largest difference between the estimated and experimental J-R curves is for centrifugally cast Heats P2 and 205 at RT and for centrifugally cast Heat P2 and static-cast EPRI heat at 290°C; the estimated curves of these heats are 30--50% lower than those obtained experimentally.
The experimental J-R curves for Heat 75 aged for 30,000 h at 350°C are lower than those for 10,000-h aging at 400°C (shown in Fig. 11 ) and are In good agreement with the estimated saturation J-R curve.
Room temperature J-R curves for unaged static--cast Heats 68, 69, and 75 are nonconservative.
It is believed that the poor fracture toughness of these unaged static-cast slabs is due to residual stresses introduced in the material during the casting process or production heat treatment. Annealing these heats for a short time at temperatures between 290 and 400°C (554 and 752°F) increased the fracture toughness and decreased the tensile stress without significantly affecting their Impact energy [4] . Consequently, the fracture toughness of these heats would initially increase during reactor service before it would decrease due to thermal aging.
The estimated J-R curve after 32 effective full-power years (efpy) of service at 320°C (608°F) is also shown in Figs. 10--12 . The results indicate that at 320°C service, fracture toughness of these materials will reach the saturation value or wiU be close to saturation within the 40-y design life.
The fracture toughness J-R curve for a specific material and aging condition can be obtained by estimating the RT impact energy from the procedure described in Section 5, and then using that value of Cv in Eqs. 18-22 to estimate the J-R curve. Examples of the experimental and estimated J-R curves for several partially aged (i.e., 30,000 h at 320°C) cast stainless steels are shown in Figs. 13 and 14. The estimated J-R curves show good agreement with experimental results.
The fracture-toughness data for unaged cast stainless steels indicate that the J-R curve for some heats are lower than those for wrought stainless steels.
The available J-R curve data at 290-320°C (555-610°F) for unaged cast stainless steels are shown in Fig. 15a . The static--cast pump casing ring (Heat C I with 8c = 8%) shows the lowest and centrifugally cast pipes (Heat P2 with 8c = 12% and Heat C1488 with 8c = 21%) have the highest fracture toughness.
Fracture toughness J-R curves f_"-wrought stainless steels are higher than the J-R curve for static--cast pump casing ring; se.e Fig. 15b ( 2 4) The present correlations account for the degradation of toughness due to thermal aging.
They do not explicitly consider the initial fracture properties of the original unaged material.
To take this into account, when no information is available on the fracture toughness of the unaged material, the lower-bound estimate given by Eq. 23 or 24 is used as upper bound for the predicted fracture toughness of the aged material, i.e., Eq. 23 or 24 is used when fracture toughness predicted by Eqs. 18--22 is higher than that given by Eq. 23 or 24. If the actual fracture toughness of the unaged material or the initial RT Charpy-impact energy for estimating fracture toughness is known, the use of the higher value may be Justified.
The fracture toughness
JIc values for aged cast stainless steels can be determined from the estimated J-R curve and flow stress. The experimental and estimated J1c for the various heats aged at <350°C are shown in Fig. 16 • in Eqs. 4 and 6 can be scaled with respect to the measured ferrite content to obtain more realistic estimates of saturation Charpy-impact energy and J-R curves for the material.
The values of coefficient C and exponent n representing the lower-bound J-R curve for aged cast stainless steels with 10-15% ferrite and <10% ferrite, respectively, are given in Table 4 . This information may be used as a guideline for establishing the upper limit of ferrite content for a specific grade of steel beyond which thermal aging effects are significant.
For example, the results indicate that static-or centrifugally cast CF-3 and CF-8 steels with <10% ferrite would have adequate impact strength and fracture toughness even in the fully embrittled condition.
Procedure for Estimating Mechanical Properties
A flow diagram of the sequential steps required for estimating fracture toughness J-R curve, JIc, tensile flow stress, and Charpy-impact energy is shown in Fig. 19 . In Section A of the flow diagram, "lower-bound" fracture toughness J-R curves for cast stainless steels of unknown chemical composition are defined. Different lower-bound J-R curves are defined when the ferrite content of the steel is known. Sections B and C of the flow diagram present procedures for estimating mechanical properties when some information is known about the material, e.g., CMTR, is available.
Section B describes the estimation of "saturation" impact energy and J-R curve, i.e., the lowest value that would be achieved for the material after long-teITn service.
The only information needed for these estimations is the chemical composition of the material. Nitrogen content is assumed to be 0.04 wt.% if not known.
The lower-bound J-R curve for unaged cast stainless steels is used as the saturation J-R curve of a material when the J-R curve estimated from the chemical composition is higher. Additional information, e.g., J-R curve of the unaged material or Charpy impact energy of unaged material for estimating fracture toughness, is required to Justify the use of higher J-R curves.
Estimation
of mechanical properties at any given time and temperature of service, is described in Section C of the flow diagram.
The initial impact energy and flow stress of the unaged material and the constant 0 are also required for these estimations.
The value of 0 depends on the service temperature; it is assumed to be 3.3 for temperatures <280°C (<536°F), 2.9 for temperatures of 280--330°C (536--626°F), and 2.5 for temperatures of 330-360°C (626-680°F).
The initial impact energy of the unaged material can be assumed to be 200 J/cm 2 if not known.
However, the lower-bound J-R curve for the unaged cast stainless steels is used when the J-R curve estimated from the chemical composition is higher than the lower bound for the unaged steel.
The JIc value is determined from the estimated J-R curve and flow stress. The extent or degree of thermal embritflement at "saturation," i.e., the minimum impact energy that can be achieved for the material after long-term aging, is determined from the chemical composition of the steel.
The results indicate that Charpy-impact energy can be <50 J/cm 2 (<30 i_.Ib) for cast stainless steels with ferrite contents as low as 10%.
Charpy-impact energy as a function of time and temperature of reactor service is estimated from the kinetics of thermal embrittlement, which is also determined from the chemical composition.
The initial impact energy of the unaged steel is required for these estimations.
Initial tensile flow stress is needed for estimating the flow stress of aged material.
The fracture toughness J-R curve for the material is then obtained from correlations between RT Charpy-impact energy and fracture toughness parameters. The JIc value is determined from the estimated J-R curve and flow stress.
A common "lowerbound" J-R curve for cast stainless steels with unknown chemical composition is also defined for a given grade of steel, ferrite content, and temperature.
This information can serve as a guideline for establishing the upper limit of ferrite content for a specific grade of steel beyond which thermal aging effects are significant.
Fracture toughness
J-R curve data have been mostly obtained on 1-T compact tension specimens.
According to ASTM Specification E 1152-87 they are valid only for crack growth up to 10% of the initial uncracked ligament. However, it is widely accepted that the J-R curve crack growth validity limits fall between 25 and 40O_ of the initial uncracked ligament, or --8 mm of crack extension.
In future work under this program, these extended validity limits for J-controlled crack growth will be qualified and better defined for cast stainless steels in terms of specimen size, toughness, and crack extension. Representation of J-R curves by expressions other than power law (e.g., by power-exponential relation) will also be evaluated for more accurate extrapolation of J-R curve data. -o-'"'""I ' '"'"'I '_'"'"I ' '"''_ -, ' '"'"",'' '""', '" '"", ' "''''_, o - 
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